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ABSTRACT  30 
Background: The symptoms of Obsessive-Compulsive Disorder (OCD) have been 31 
postulated to result from impaired executive functioning and excessive habit formation at the 32 
expense of goal-directed control and have been objectively demonstrated using 33 
neuropsychological tests in such patients. This study tests whether there is functional 34 
hypoactivation as well as dysconnectivity of discrete frontostriatal pathways during goal-35 
directed planning in OCD patients and in their unaffected first-degree relatives.  36 
Methods: Twenty-one comorbidity free OCD patients, 19 clinically asymptomatic first-37 
degree relatives of these patients, and 20 control participants were tested on a functional 38 
magnetic resonance optimized version of the Tower of London task. Group differences in 39 
brain activation during goal-directed planning were measured together with associated 40 
frontostriatal functional connectivity. 41 
Results: OCD patients and their clinically asymptomatic relatives manifested hypoactivation 42 
of the right dorsolateral prefrontal cortex during goal-directed planning, coupled with 43 
reduced functional connectivity between this cortical region and the basal ganglia (putamen).  44 
Conclusions: Hypoactivation of cortical regions associated with goal-directed planning, and 45 
associated frontostriatal dysconnectivity, represent a candidate endophenotype for OCD. 46 
These findings accord with abnormalities in neural networks supporting the balance between 47 
goal-directed and habitual behavior, with implications for recent neuropsychological theories 48 
of OCD and the major neurobiological model for this disorder. 49 
 50 
  51 
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INTRODUCTION 52 
The major neurobiological model for Obsessive-Compulsive Disorder (OCD) implies 53 
functional abnormalities within frontostriatal circuits [1]. These circuits are crucial for 54 
enabling the successful implementation of flexible, goal-directed behavior [2]. Accordingly, 55 
deficits in executive functions have been demonstrated in OCD (for review see [3]). In 56 
addition, exaggerated appetitive [4] and aversive [5] habit learning in OCD has been shown, 57 
also compatible with abnormal activity of cortico-striatal circuits affecting the balance 58 
between goal-directed and habitual behavior [6,7]. This neuropsychological signature is 59 
congruent with the clinical phenotype of OCD patients, characterized by recurrent intrusive 60 
thoughts (obsessions) and/or repetitive behaviours (compulsions) performed at the expense of 61 
goal-directed purposeful actions.  62 
In this study, we tested the hypothesis of whether abnormalities of the goal-directed system 63 
are directly related to state (i.e. symptoms, or confounds such as chronic disease or 64 
treatments), or rather state-independent (manifest in an individual, whether or not the illness 65 
is active) [8]. To this end, we utilized a familial study design that recruited not only OCD 66 
patients but also their first-degree unaffected relatives, together with healthy comparison 67 
subjects without a family history of the condition. OCD runs in families with first-degree 68 
relatives showing increased risk for the disorder compared with the normal population. There 69 
is strong evidence that OCD has a genetic basis, accounting for 40% of the phenotypic 70 
variance according to twin studies [9]. However, a lack of clear genetic findings has led to 71 
the search for candidate endophenotypes, here operationalized as behavioral, cognitive, or 72 
neural markers of the disorder detected in clinically unaffected first-degree relatives of 73 
patients [8]. These endophenotype markers represent stable phenotypes which might reflect a 74 
genetic effect and be more closely related to the causes of a disorder than its symptoms [8]. 75 
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To investigate the neural basis of the goal-directed system we used functional magnetic 76 
resonance imaging in conjunction with a well-validated goal-directed planning task testing 77 
the ability to select the correct sequence of sub-goals by anticipating the consequences of one 78 
course of action on another.  79 
Our investigation was based on substantial overlap between the neural circuitry typically 80 
recruited during the execution of goal-directed planning and the fronto-striatal circuitry 81 
implicated in OCD according to the prevailing neurobiological model [1]. Accordingly, there 82 
is evidence of impaired performance with lengthened response times [10–12], and impaired 83 
accuracy under more difficult task conditions [13,14] in OCD patients. Such impaired 84 
performance persisted despite successful pharmacological treatment [15] and was also found 85 
in unaffected relatives of OCD patients compared with healthy subjects [16], highlighting 86 
planning performance as a potential endophenotype for OCD. In spite of a few negative 87 
findings [11,12], several meta-analyses have provided evidence for a considerable 88 
impairment in planning abilities in OCD patients [17,18]. Such impairment was independent 89 
from depression, medication, and symptom severity [18] and evident either when analysing 90 
accuracy and response times as a composite measure, or separately. Here, we only included 91 
the 'easy' trials to avoid brain activation being confounded by differences in performance. 92 
Therefore, we did not expect reduced accuracy in patients, in line with previous studies for 93 
which such impairment was found only at the most difficult levels of the task [3]. Because 94 
previous studies have found evidence of lengthened response times [10–12] we expected 95 
increased response times in patients and hypothesized that such abnormalities would extend 96 
to their relatives as well. 97 
At the neural level, hypoactivity of the dorsolateral prefrontal cortex (DLPFC) and striatal 98 
regions has been identified during goal-directed planning in OCD patients [19] and high 99 
levels of obsessive-compulsive symptoms were associated with hypoactivation of the DLPFC 100 
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during planning [20,21]. To date, no studies have investigated the neural correlates of goal-101 
directed planning in unaffected first-degree relatives of OCD, which were tested here with 102 
the hypothesis of decreased responsiveness in both patients and their relatives.   103 
Moreover, extending the frontostriatal model for OCD [1], dysfunctional interactions 104 
between cortical and subcortical nodes, rather than damage to individual brain regions, has 105 
been hypothesized as a potential determinant of OCD [22]. Recent research has documented 106 
a double dissociation for specific frontostriatal circuits, whereby weakened caudate–107 
ventrolateral PFC and putamen–DLPFC resting state connectivity accounted for impaired 108 
cognitive flexibility and goal-directed planning in OCD patients, respectively [14]. Here, we 109 
probed task-dependent online functional connectivity (FC) during goal-directed planning and 110 
tested the a priori hypothesis of reduced frontostriatal connectivity between frontal and 111 
subcortical brain regions during the implementation of goal-directed sequences in patients. In 112 
addition, leveraging a familial study design, we tested whether reduced frontostriatal 113 
connectivity represented a candidate endophenotype for OCD.  114 
 115 
METHODS 116 
Participants 117 
Twenty-one comorbidity free patients with OCD, 19 of their clinically unaffected first-degree 118 
relatives, and 22 control subjects participated in the study. Groups were matched for age and 119 
verbal IQ. Participants were all right-handed, each group included similar proportion of 120 
females (Data Supplement). Patients reported higher levels of depressive symptoms as 121 
assessed with the Montgomery-Åsberg Depression Rating Scale (MADRS) [23], though well 122 
below the clinical threshold (Table 1), and the majority of these (n=17, Supplement) were 123 
receiving selective serotonin reuptake inhibitors (SSRIs).  124 
 125 
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Experimental Design 126 
We used the One-Touch Spatial Planning task [24] to test goal-directed planning and the 127 
ability to achieve a goal through intermediate steps (Figure 1A). The task represents an fMRI 128 
variant of the corresponding CANTAB paradigm (Data Supplement imaging parameters and 129 
pre-processing), whereby in addition to planning trials, a counting condition controls for 130 
visual, attentional, and motor demands. Problems with 2, 3, or 4 correct moves were 131 
included. Planning and counting problems were displayed alternately. The experimental 132 
paradigm lasted for approximately 10 minutes (Supplement). 133 
 134 
Data Analysis 135 
Behavior. Behavioral data were analysed with a standard statistical package (SPSS Version 136 
23.0 Chicago: SPSS Inc.). Behavioral performance was assessed by the percentage of 137 
problems attempted that were responded correctly (accuracy) and the associated mean 138 
response times. For each of these measures, a 2x3x3 repeated measures ANOVA compared 139 
performance between-groups. The within-subject factors were trial type (planning, counting) 140 
and difficulty level (2, 3, or 4) and the between-subject factor was group (controls, relatives, 141 
patients). Appropriate corrections were applied in case of violation of the assumption of 142 
sphericity. When significant differences were found with ANOVA, post-hoc protected least 143 
significant difference (LSD) tests were conducted. The relationship between behavioral 144 
measures (accuracy and mean response times) and disease severity (Y-BOCS) was 145 
investigated in OCD patients.  146 
fMRI. For imaging data analysis SPM was used. The hemodynamic response was modelled to 147 
the onsets and durations of planning and counting problems. Onsets were the time of 148 
appearance of the stimuli on the screen and durations were measured to the time of response. 149 
For each individual, the following contrasts of interest were estimated: planning activation 150 
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relative to rest for 2, 3, and 4 moves, planning activation relative to counting for 2, 3, and 4 151 
moves, respectively, “planning high minus planning low”, “planning minus counting”, and 152 
“counting minus planning” (Supplement). Whole-brain maps depicting these contrast 153 
estimates were collated for second-level (group) random-effects analyses as specified in the 154 
Supplement for each contrast. Activation was deemed significant at p <0.05, family-wise 155 
error (FWE) corrected at the voxel level or p <0.001 uncorrected.  156 
 157 
Previous studies have demonstrated caudate activation in association with planning [25–27] 158 
and reduced activation in caudate and putamen during planning in OCD patients [19]. Thus 159 
Regions Of Interest (ROIs) in those regions were defined in both hemispheres as 3.5 mm 160 
radial spheres using the MarsBaR toolbox at MNI x=11, y=7, z=9 for the caudate and at MNI  161 
x=24, y=0, z=3 for the putamen (Supplement). Average intensity value from all voxels within 162 
a ROI was calculated to carry out ROI analyses. Neural responses were correlated with 163 
behavioral measures and, to explore their relationship with symptom severity, with Y-BOCS 164 
values and depression scores.  165 
 166 
Functional connectivity. As caudate and putamen were hypothesised to mediate executive 167 
performance via task-related FC modulation with the PFC [2,28], we conducted a 168 
psychophysiological interaction (PPI) analysis to interrogate frontostriatal connectivity 169 
during goal-directed planning. In accordance with previous research with this paradigm [24], 170 
a ROI was derived from the main effect of “planning minus counting” across all subjects 171 
thresholded at p<0.05, FWE corrected, and corresponding to the peak coordinate of the 172 
cluster including the right superior and middle frontal gyrus (MNI coordinates x=24, y=20, 173 
z=52). PPI analysis was conducted as described in the Supplement. We generated our 174 
hypothesis of reduced frontostriatal FC in OCD patients and their first-degree unaffected 175 
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relatives on the basis of previous findings showing DLPFC hypoactivation in OCD patients 176 
during goal-directed planning [19] and on findings of reduced resting-state connectivity 177 
between the DLPFC and the putamen accounting for impoverished performance on goal-178 
directed planning in OCD patients [14]. Therefore, we expected hypoactivation of DLPFC to 179 
be reflected in reduced interaction with associated striatal structures during goal-directed 180 
planning, both in OCD patients and in their first-degree relatives, as tested by non-parametric 181 
permutation testing (one-tailed, Monte Carlo pair-wise permutation testing conducted in 182 
SPSS, Supplement). Significance was set at p<0.05. FC parameters were correlated with 183 
behavioral measures and with Y-BOCS and depression values to investigate the relationship 184 
between symptoms and frontostriatal connectivity. 185 
 186 
RESULTS 187 
Behavioral Results. Accuracy did not differ across groups (F2,57=0.623, p=0.540). All 188 
participants achieved a lower number of correct responses during planning versus counting 189 
trials (F1,57=23.033, p<0.001). The proportion of correct responses decreased with problem 190 
difficulty (F2,57=9.377, p<0.001), with no significant trial type and difficulty interaction 191 
(F1.87,106.48=0.430, p=0.638). There was no significant interaction between group and trial 192 
type (F2,57=0.632, p=0.4), nor group and difficulty (F4, 114=0.380, p=0.822) (Figure S1A-B, 193 
Table 1). Repeated-measures ANOVA revealed a main effect of group for response times 194 
(F2,57=4.236, p=0.019), with patients (p=0.009) and relatives (p=0.027) being slower than 195 
controls, irrespective of trial type and difficulty. Across all groups, response times were 196 
significantly longer in the planning condition (F1,57=348.897, p<0.001). A main effect of 197 
difficulty (F1.63,93.06 =24.178, p<0.001) indexed significantly prolonged response times across 198 
trial type and groups for the most difficult problems. The interaction between trial type and 199 
difficulty (F1.98,112.84=26.627, p<0.001) indicated that response times during planning were 200 
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significantly lengthened as the difficulty of the problems increased across groups. There was 201 
no significant interaction between group and trial type (F2,57=0.270, p=0.765) nor group and 202 
difficulty (F4,114=1.462, p=0.218) (Figure S1C-D). There were no significant correlations 203 
between Y-BOCS scores and accuracy (all p>0.286) or reaction times (all p>0.057) in OCD 204 
patients. In summary, both patients and relatives had intact accuracy but slower responding 205 
compared to controls. 206 
 207 
Brain regions activated during goal-directed planning.  208 
Planning minus counting. A robust effect of “planning minus counting” was found in the 209 
expected dorsal fronto-parietal network across all participants (p<0.05, FWE) (Figure 1B and 210 
Table S1). This network was different from the one identified on the opposite contrast, 211 
“counting minus planning” (Figure S2 and Table S2).  212 
Although we did not observe significant striatal activation in association with the planning 213 
component, ROI analysis was conducted for the right putamen and right caudate for the 214 
contrast “planning minus counting”. Parameter estimate signal change was explored 215 
separately in each group by means of one-sample t-test. Significant deactivation of the right 216 
putamen was found in controls (t19=-4.76, p<0.001), in relatives of OCD patients (t18=-2.479, 217 
p=0.023), but not in patients (t20=-0.837, p=0.412). This analysis indicated insufficient 218 
hypoactivation of the putamen during planning in OCD patients, as confirmed by significant 219 
differences in patients compared with controls (U=109.000, Z=-2.634, p=0.007, Monte Carlo 220 
pair-wise permutation testing, Bonferroni corrected, SPSS). There was no difference between 221 
relatives and controls (U=139.000, Z=-1.433, p=0.158) (Figure S3A). No significant 222 
involvement of the right caudate was found in controls (t19=-0.152, p=0.880), relatives of 223 
OCD patients (t18=0.311, p=0.760), or patients (t20=1.549, p=0.137) (Figure S3B) (see 224 
Supplement for evidence of caudate involvement on the contrast “planning minus resting”).  225 
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 226 
Between-group effects on goal-directed planning. During goal-directed planning we detected 227 
a main effect of group on neural activation in the right precentral gyrus (BA 6) and in the 228 
middle frontal gyrus entailing BA 9 and BA 9/46 (Table 2) (Supplement, Planning minus 229 
resting, between-group differences). Post-hoc comparisons revealed significant frontal 230 
hypoactivation in patients and in their unaffected first-degree relatives compared to controls 231 
with no evidence of significant difference between relatives and patients (Table 2). In fact, at 232 
all levels of planning complexity, the DLPFC (BA 9 and BA 9/46) was hypoactive in patients 233 
and their relatives when compared with controls (Table 2 and Figure 2). Covariation for 234 
depression scores or response times did not significantly affect the results. Similarly, there 235 
was no significant correlation between brain activity at the different levels of planning 236 
complexity and response times or accuracy (all p>0.360) neither when collapsing all 237 
participants together, nor for each group separately. There was no significant correlation with 238 
Y-BOCS and depression scores (all p>0.331). Similar frontal hypoactivation was identified 239 
in patients and relatives (MNI x=38, y=22, z=26; Ke=13, Z=4.39, p FWE=0.027) even when 240 
analysing whole-brain between-groups differences via a One-Way ANOVA on the contrast 241 
“planning vs. resting”. There were no differences between patients and relatives.  242 
To investigate between-groups differences for processes exclusively involved in planning, we 243 
compared brain activation across groups on “planning vs. counting” (Supplement, Planning 244 
minus counting, between-group differences). Hypoactivation was identified in patients and 245 
relatives compared to controls in the right middle frontal gyrus (BA 6/8) (MNI x=32, y=8, 246 
z=48; Ke=14, Z=3.32, p <0.001 uncorrected). There were no differences between relatives 247 
and patients. Covariation of depression scores or response times did not significantly affect 248 
the results and there was no correlation with clinical nor behavioral scores. These results 249 
suggest that hypoactivation of the DLPFC represents a trait marker of the disorder. To 250 
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investigate the effect of planning load we compared groups on high minus low difficulty of 251 
planning (Supplement). There were no between-group differences for counting trials 252 
(Supplement).   253 
 254 
Frontostriatal connectivity during goal-directed planning. In controls, significant frontal 255 
connectivity was found with the putamen (t18=5.931, p<0.001, Bonferroni corrected for 256 
multiple comparisons) but not with the caudate (t18=1.866, p=0.078). This suggested fronto-257 
putaminal connectivity to be implicated during planning and therefore was further explored 258 
in patients and relatives. While strong PPI connectivity between the frontal seed and the 259 
putamen was observed in controls, there was no such significant connectivity in relatives 260 
(t17=0.738, p=0.471) nor patients (t20=0.922, p=0.367). 261 
When comparing cross-group differences in the fronto-putaminal PPI parameter estimates 262 
(Figure 3A), OCD patients showed reduced FC between the seed region and right putamen 263 
compared with controls (U=127.00, Z=-1.964, p=0.025, Monte Carlo pair-wise permutation 264 
testing, Bonferroni’s corrected, SPSS). Similarly, reduced fronto-putaminal connectivity was 265 
found in relatives when compared with healthy volunteers (U=102.000, Z=-2.097, p=0.019, 266 
Monte Carlo pair-wise permutation testing, Bonferroni’s corrected, SPSS) (Figure 3B). PPI 267 
FC between the right DLPFC and the right putamen did not correlate with Y-BOCS scores 268 
nor depression scores. Neither for all participants collapsed together nor for each group 269 
separately, there was a significant association between brain connectivity and response times 270 
or accuracy (all p>0.252).  271 
Both for the right putamen and right caudate, significant beta weights were found for the 272 
physiological predictor for each group separately (all p<0.001) and there were no differences 273 
across groups.  274 
 275 
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DISCUSSION  276 
This study found hypoactivation of the DLPFC during goal-directed planning, not only in 277 
patients with OCD, but also in their unaffected first-degree relatives when compared with 278 
controls without a family history of OCD. In addition, the profile of task-dependent 279 
frontostriatal interaction during goal-directed behavior was reduced in patients and 280 
indistinguishable from that of their relatives. Therefore, goal-directed planning 281 
hypoactivation of the DLPFC and associated frontostriatal connectivity were identified as 282 
hitherto undiscovered candidate endophenotype for OCD. 283 
Reduced activation of the DLPFC in OCD patients during goal-directed planning is highly 284 
consistent with previous findings [19]. Here we independently replicated those findings and 285 
provided new evidence that the same pattern of hypoactivation in the DLPFC characterizes 286 
OCD patients and their relatives alike, suggesting a common weak frontal neural recruitment 287 
during goal-directed planning. Since OCD patients and their relatives were matched on all 288 
demographic variables, this difference might reflect a genetic or familial susceptibility to 289 
OCD. This also rules out the potential confounding effects of medication and symptom 290 
duration, indicating that the observed pattern of hypoactivation is a trait marker of OCD. 291 
Further pointing to the state-independent nature of these functional abnormalities, as a 292 
necessary criterion for an endophenotype [8], there was no association between the 293 
neuroimaging findings and illness severity in patients.  294 
Frontal and parietal anomalies have been previously shown in OCD patients and their first-295 
degree relatives. There is evidence of shared structural abnormalities [29,30] and, at the 296 
functional level, hypoactivation related to reversal learning [31] and hyperactivation during 297 
response inhibition [32] and working memory performance [33]. Together with these studies, 298 
our results suggest that endophenotype abnormalities extend across multiple executive 299 
domains distributed in specific frontal regions. Our results further demonstrate that whilst 300 
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traditionally linked to the orbito-frontal circuit [6], OCD pathophysiology is likely associated 301 
with a more distributed network [34].  302 
All groups showed significant activation within the caudate during goal-directed planning; in 303 
addition, relative to counting, there was a prominent hypoactivation of the putamen in healthy 304 
volunteers, which was not observed in patients. This finding points to a relative lack of 305 
putaminal hypoactivation, an area usually associated with habitual behavior, during a goal-306 
directed task in OCD patients. We hypothesize that enhanced functioning of the putamen 307 
might be linked to an exaggerated habitual tendency observed in OCD [4,5].  308 
We also observed reduced functional coupling between the DLPFC and the putamen during 309 
goal-directed planning in OCD patients compared to controls and, consistent with an 310 
endophenotype pattern, in relatives of OCD patients compared to controls. Evidence of 311 
significant interactions between the DLPFC and putamen is provided by studies in a healthy 312 
population showing dense structural interconnections [35] and functional cross-talk as 313 
measured during task [28] and at rest [36].  314 
Parallel frontostriatal circuits [2] as well as non-reciprocal connections [37] between the PFC 315 
and the basal ganglia are pivotal for enabling learning and flexibility. These cognitive 316 
domains are frequently impaired in OCD, as shown by studies demonstrating deficits in 317 
response inhibition [29,38], reversal learning [31], and extra-dimensional set-shifting [39].  318 
In a sample of OCD patients different from those used in this study, a direct relationship was 319 
recently demonstrated between reduced DLPFC-putamen resting-state connectivity and 320 
impaired performance in goal-directed planning tested outside the scanner [14].  321 
Here, we have extended those findings by showing, remarkably, that exactly the same pattern 322 
of neural dysfunctional interaction can be discerned during the implementation of goal-323 
directed planning and that it might represent a neurocognitive trait for the disorder.  324 
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A limitation of our analysis is that it does not allow us to draw conclusions on directionality: 325 
a plausible mechanism might however be a failure of “top-down” control over subcortical 326 
brain regions. Overall, insufficient DLPFC top-down recruitment in patients and relatives 327 
might result in weak frontostriatal interaction and lack of top-down control of the putamen, 328 
potentially contributing to impairments in the ability of assembling novel sequences of 329 
behavior over potentially disruptive habitual tendencies inherent in the task. This may thus 330 
contribute to the inability of OCD patients to suppress automatic behavior in favour of a 331 
flexible, goal-oriented behavior.  332 
Frontostriatal abnormalities are also found on tasks assessing implicit learning [40–42]. The 333 
task used here only allowed the investigation of the goal-directed system, however further 334 
studies are needed for the understanding of the relationship between the goal-directed system 335 
and those allocated for skill learning implicating, for example, the cerebellum.  336 
The behavioral data showed longer response times in OCD patients and their relatives, 337 
whereas accuracy scores were not significantly affected. A potential limitation is that the 338 
measure of accuracy was based only on the predicted number of moves required to solve the 339 
problems. Even if participants took longer to solve more complicated problems, they might 340 
have simply ruled out that solutions with lower number of moves were not possible. 341 
However, our findings agree with previous studies identifying significantly reduced accuracy 342 
only at the most difficult levels of planning, which were intentionally not included in this 343 
study. The most parsimonious interpretation of our results is that the same level of accuracy 344 
in patients and relatives as controls was obtained at the cost of their lengthened response 345 
times. Alternatively, because the degree of certainty that a decision is correct is also indexed 346 
by the decision time [43,44], it is possible that longer response times reflected increased 347 
uncertainty. Slowing was found not on planning per se but also on counting trials. However, 348 
between-groups differences for goal-directed planning were not due to different response 349 
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times and there were no significant group differences in the counting condition. It is striking 350 
that the same pattern was found not only in patients but also in their first-degree unaffected 351 
relatives. Our main approach, consistent with earlier studies [45], did not make use of a 352 
control condition that included all visuomotor and cognitive processes other than those 353 
implicated specifically in planning. An obvious limitation of this approach is that, although it 354 
captures primarily planning-related activation, it may also tap into secondary non-specific 355 
aspects of attention and visuospatial perception. However, even when using a suitable 356 
contrast (‘counting’) we obtained similar results for between-group differences, albeit at a 357 
lower statistical level of significance. Moreover, that more stringent contrast was used in the 358 
functional connectivity analysis, thus isolating planning components such as working 359 
memory and response sequencing in goal-directed behaviour. Brain imaging activation did 360 
not differ for counting trials across groups, indicating no obvious group differences for those 361 
processes merely involved in the counting task, including visuospatial attention.  362 
In keeping with previous imaging studies, the fronto-parietal network was found to be 363 
selectively activated during planning minus the attentional and visuomotor control condition 364 
[25]. Lateralisation toward the right side is consistent with previous studies emphasizing the 365 
role of the right hemisphere when the task requires the manipulation of task-related 366 
information [46] rather than the reproduction of the appropriate motor sequence for which the 367 
left hemisphere is more heavily involved and minimized by our experimental design [25,47].  368 
Similar to previous studies [24–26,45], we did not detect caudate activation when planning 369 
trials were compared to a control condition. However, modulation of subcortical brain 370 
regions was found in association with planning load in controls, also consistent with previous 371 
findings [25,26].  372 
The fact that most patients were medicated with SSRIs, which could affect connectivity 373 
measures in OCD [48] poses a potential limitation for this study. We did not have sufficient 374 
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power to make a direct comparison between medicated and unmedicated patients. Similarities 375 
between patients and completely unmedicated relatives of OCD patients however militate 376 
against the notion that findings were significantly mediated by a medication effects. 377 
Nevertheless, in subsequent studies an appropriate unmedicated OCD patient group should be 378 
included to definitely determine the effect of medication.  379 
Finally, although we carefully excluded any participants with anxiety disorders and any other 380 
comorbidity, we did not record subclinical anxiety scores. Previous studies tested brain 381 
correlates of planning performance trans-diagnostically revealing only subtle differences 382 
between OCD patients and patients affected by panic disorder or hypochondriasis and 383 
suggesting that frontostriatal and limbic abnormalities during planning might be 384 
independently implicated across these disorders [49]. A key question not directly investigated 385 
here therefore pertains to whether the observed hypoactivation is specific to OCD. Because 386 
the same pattern of hypoactivation is found in unaffected first-degree relatives, our results 387 
rule out the hypothesis that state components (i.e. symptoms, or confounds such as chronic 388 
disease or treatments) directly contribute to the observed neural read-out.  389 
Even if endophenotypic traits might be relatively less complex genetically than disease 390 
phenotypes, it is nevertheless plausible that they may reflect the operation of many different 391 
genes. Endophenotypic traits might also predate signs or symptoms of illness. However, the 392 
first-degree unaffected relatives included in this study were beyond the typical age of onset 393 
for OCD. Therefore, even if the identified neural and behavioral marker might predispose to 394 
the development of OCD, they do not seem sufficient in themselves to lead to the full-blown 395 
manifestation of the condition. It remains to be understood how this familial vulnerability 396 
trait, which could also result from environmental factors (such as stress) results in OCD 397 
symptoms. 398 
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In conclusion, we identified hypoactivation in the DLPFC as a candidate neurocognitive 399 
endophenotype for OCD. Associated aberrant coupling with the putamen might predispose 400 
toward excessive habit formation and suboptimal goal-directed performance.  401 
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TABLES 577 
Table 1. Demographic, Clinical and Behavioral Characteristics of OCD patients, their 578 
First-Degree Unaffected Relatives and Healthy Comparison Subjects 579 
 
Controls Relatives Patients Statistic df p 
 (n=20) (n=19) (n=21) 
Demographic measures 
       
Gender (M:F) 5:15 5:14 3:18 χ2= 1.047 2 0.592 
Age 36.45 (8.54) 41.11 (10.63) 37.90 (14.31) F = 0.835 2,57 0.439 
Estimated Verbal IQ 115.80 (6.07) 114.57 (7.04) 115.55 (5.13) F = 0.220 2,57 0.803 
Handedness 61.50 (48.15) 61.58 (44.38) 65.71 (46.86) F = 0.055 2,57 0.947 
Clinical measures         
MADRS 1.35 (3.38) 2.32 (3.20) 7.33 (7.34) F = 8.178 2,57 0.001 
Y-BOCS Obsessions 0 0 11.43 (2.82)     
Y-BOCS Compulsions 0 0 12.05 (2.71)     
Y-BOCS, Total 0 0 23.00 (5.65)     
Behavioral measures 
Planning Accuracy Overall % 85.36 (3.15) 82.01 (3.23) 84.68 (3.07) F = 0.623 2,57 0.540† 
        Accuracy p2 % 88.69 (15.98) 85.66 (19.89) 87.86 (11.19)     
        Accuracy p3 % 87.74 (14.15) 83.09(18.27) 85.47 (17.65)     
        Accuracy p4 % 79.64 (21.92) 77.28 (21.82) 80.71 (21.88)     
Planning Response times Overall sec 6.58 (0.66) 8.47 (0.68) 8.81 (0.65) F = 4.236 2,57 0.019§ 
       Response time p2 sec 5.97 (1.96) 7.25 (2.05) 6.96 (2.05)     
       Response time p3 sec 5.98 (1.51) 8.52 (2.79) 8.47 (4.93)     
       Response time p4 sec 7.79 (2.64) 9.64 (2.85) 11.00 (6.29)     
 580 
Mean values are shown; standard deviations are presented in parentheses. MADRS, 581 
Montgomery-Åsberg Depression Rating Scale; Y-BOCS, Yale-Brown Obsessive Compulsive 582 
Scale; p2, planning 2 moves; p3, planning 3 moves; p4, planning 4 moves. Estimated Verbal 583 
IQ was measured with the National Adult Reading Test and handedness with the Edinburgh 584 
Handedness Inventory. † Repeated-measures ANOVA, there was no a main effect of group 585 
for Accuracy; §Repeated-measures ANOVA, there was a main effect of group on response 586 
times with patients and relatives being slower than controls irrespective of trial type 587 
(counting, planning) and difficulty level (2, 3, 4, moves). 588 
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Table 2. Group Differences in Brain Activation during Goal-directed Planning 590 
Contrast Region BA 
MNI 
Coordinates kE Z 
Peak 
pFWE 
x y z 
Main effect of Group 
R Precentral Gyrus 6 44 2 44 16 4.67 0.012 
R Middle Frontal Gyrus 9 38 22 28 8 4.51 0.023 
R Middle Frontal Gyrus 9/46 46 28 30 1 4.36 0.041 
          
Post-hoc comparisons 
Controls > Patients 
R Middle Frontal Gyrus 9/46 46 28 30 10 4.51 0.019 
R Middle Frontal Gyrus 6/9 44 2 44 10 4.58 0.021 
Controls > Relatives 
R Middle Frontal Gyrus 6/9 36 22 26 14 4.56 0.015 
R Precuneus 19 28 -72 26 18 4.52 0.018 
R Middle Frontal Gyrus 6/9 42 0 44 12 4.47 0.022 
R Middle Frontal Gyrus 9 30 0 48 7 4.39 0.044 
Relatives > Patients -- -- -- -- -- -- -- -- -- 
Patients > Relatives  -- -- -- -- -- -- -- -- -- 
          
Controls > Both 
R Middle Frontal Gyrus 6 44 2 44 86 5.16 0.001 
R Middle Frontal Gyrus 9 38 22 28 93 5.01 0.002 
R Middle Frontal Gyrus 9/46 46 28 30  4.79 0.006 
R Precuneus  28 -72 28 27 4.56 0.015 
R Middle Occipital Gyrus 19/18 30 -82 8 1 4.33 0.037 
Coordinates in MNI space. p FWE=p value with family-wise error correction for the whole 591 
brain volume (p< 0.05). R, right; L, left; BA, Brodmann Area; MNI, Montreal Neurological 592 
Institute; kE, cluster size; Z, Z score; FWE, family-wise error. 593 
 594 
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FIGURES  606 
 607 
Figure 1. Experimental Design and Associated Brain Network for Goal-directed 608 
Planning 609 
 610 
(A) Display screen of the One Touch Spatial Planning task used in the present study. 611 
Participants were presented with a cue screen displaying the word “Planning” (planning 612 
trials) or “Counting” (counting trials) before each new problem to disambiguate between 613 
trials. In the planning condition, the participant indicated by pressing the corresponding 614 
button on a fMRI compatible button box the minimum possible number of moves needed to 615 
rearrange the balls in the upper half of the screen so that they were in the same configuration 616 
as those in the lower half of the screen. Participants were instructed that the balls had to move 617 
in and out of the top of the tubes, could only be moved one at a time and could not be moved 618 
past each other in the tubes. In the counting condition, participants had to subtract the number 619 
of balls in the top array from the number in the bottom. Feedback for correct and incorrect 620 
answers was provided at the end of each trial. Difficulty varied from 2 to 4 moves. Event 621 
duration was measured from the time of appearance of the stimulus until the time of a 622 
response on the button box. (B) Main effect of planning (Planning minus counting) across all 623 
participants (n=60). Voxel-wise family wise error (FWE) correction for the whole brain 624 
volume p<0.05. Significant brain activation was identified in the expected fronto-parietal 625 
network during planning.   626 
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Figure 2. Brain Areas of Hypoactivation in OCD Patients and their First-Degree 627 
Unaffected Relatives during Goal-directed Planning 628 
 629 
(A) At all level of planning complexity, OCD patients and their first-degree relatives showed 630 
hypoactivation in an extensive cluster in the right middle frontal gyrus including BA 6 and 631 
BA 9 and BA 9/46. Brain activation rendered at p<0.01 corrected for false discovery rate 632 
(FDR), with 4592 voxels extent threshold for display purposes. (B) Parameter estimate in 633 
arbitrary units in the dorsolateral prefrontal cortex at peak coordinate x=38, y=22, z=28 634 
(significant at p<0.05, family-wise error, FWE, corrected for the whole brain mass). Error 635 
bars denote standard error mean (SEM); p2, planning 2 moves; p3, planning 3 moves; p4, 636 
planning 4 moves.  637 
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Figure 3. Reduced Frontostriatal Coupling in OCD patients and their First-Degree 638 
Unaffected Relatives during Goal-directed Planning 639 
 640 
(A) Schematic rendering of the seed region for psychophysiological interaction analysis in 641 
the right superior frontal gyrus (BA 6) derived from the main effect of “planning minus 642 
counting” across all subjects (spherical ROI at x=24, y=20, z=52). Significant group 643 
differences were tested for connectivity between the right superior frontal gyrus and the right 644 
putamen (spherical ROI at x=24, y=0, z=3). (B) Barplot showing mean parameter estimate in 645 
psychophysiological connectivity in arbitrary units when addressing functional connectivity 646 
during goal-directed planning between the right dorsolateral prefrontal cortex and the right 647 
putamen. Compared to controls, OCD patients (p=0.025, one-tail Monte Carlo pair-wise 648 
permutation testing) and first-degree relatives (p=0.019, one-tail Monte Carlo pair-wise 649 
permutation testing) showed reduced functional coupling between the right dorsolateral 650 
prefrontal cortex and the right putamen during goal-directed planning. Error bars show 651 
standard error mean (SEM).  652 
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Hypoactivation and Dysconnectivity of a Frontostriatal Circuit During 
Goal-directed Planning as an Endophenotype for Obsessive-Compulsive 
Disorder 
 
Supplementary Information 
 
SUPPLEMENTAL METHODS  
Participants 
Control participants were recruited from the community, they were not taking psychiatric 
medication and had never suffered from a psychiatric condition. In addition, controls were 
not enrolled in the study in case their first-degree relatives were affected by psychiatric 
conditions. However, one control participant revealed only at the time of testing that he had a 
son with autistic spectrum disorder and was thus excluded for further analyses. One control 
participant was excluded due to structural abnormalities. Patients were screened by a 
psychiatrist to ensure they met the criteria for OCD and had no comorbid psychiatric 
disorders or exhibition of depressive episodes. In line with many other studies from our 
group, patients were enrolled in the study only if their symptom severity exceeded a threshold 
of 12 on the Yale-Brown Obsessive Compulsive Scale (Y-BOCS) [1] therefore excluding 
patients with subclinical OCD (Y-BOCS scores between 0 and 7). The majority of the 
included patients either qualified for moderate (Y-BOCS scores between 16 and 23, n=11), 
severe (Y-BOCS scores between 24 and 31, n=6) or extreme (Y-BOCS scores between 32 
and 40, n=3) symptomatology. Only one patient, above our clinical threshold, qualified for 
mild OCD (Y-BOCS scores between 8 and 15). Patients for whom hoarding was the primary 
complaint were excluded.  Seventeen patients were medicated, receiving stable doses of 
serotonin reuptake inhibitors (SSRIs), 4 patients were unmedicated at the time of the study. 
We recruited first-degree unaffected relatives of the OCD patients who were included in the 
study. First-degree relatives were unmedicated and never suffered from a psychiatric 
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disorder. They were either brother or sister of the proband, generally of the same sex unless 
this was not possible due to psychiatric illness or unavailability. This strategy also allowed 
careful matching for age.  
All participants reported no history of head trauma, neurological disease, or 
contraindications for MRI. No left handed participants were included in the study as assessed 
via the Edinburgh Handedness Inventory [2]. Data for many of these subjects were reported 
previously in relation to a different cognitive task [3] and only clinical scales measuring 
depression and OCD symptoms were administered to the participants.   
 This study was approved by the local research ethics committee and all participants 
gave written informed consent prior to participation. 
 
Experimental Design  
A modified version of the Tower of London [4] was chosen as experimental task because it is 
known to reliably activate prefrontal association cortex in both positron emission tomography 
[5–8] and functional MRI studies (fMRI) [8–11] and it has been well validated as a measure 
of executive dysfunction in OCD [12]. 
In the task employed, on a given trial, the participant was presented with two arrays of 
coloured balls held in vertical tubes. In the planning condition, the participant was required to 
indicate the minimum possible number of moves needed to rearrange the balls in the upper 
half of the screen so that they were in the same configuration as those in the lower half of the 
screen. Participants were instructed that the balls had to be moved in and out of the top of the 
tubes, could only be moved one at a time and could not be moved past each other in the 
tubes. In the counting condition, participants had to subtract the number of balls in the top 
array from the number in the bottom. Once they have identified their response, they reported 
their answer by pressing the corresponding button on an fMRI compatible button box placed 
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beneath their right hand. For planning and counting trials, participants were asked to indicate 
the correct number by selecting from numbers (1-4) presented at the bottom of the screen. 
For both tasks, problems with correct responses 2, 3, or 4 only were included. More difficult 
levels of planning were not incorporated in the present experimental paradigm since we were 
interested in cross-groups differences relating to neural activity associated with planning 
processes, i.e., rather than differences in overt behavior. Feedback for correct and incorrect 
answers, consisting of the word “correct” or “incorrect” was provided at the end of each trial.  
The ‘one-touch’ design ensured that any activity differences across levels of difficulty related 
to the complexity of planning processes, i.e., rather than the number of overt motor 
responses. The experimental paradigm lasted for 10 minutes. Planning and counting problems 
were displayed alternately with an intervening rest interval the duration of which was jittered 
between 5 and 15 seconds. The difficulty level of the displayed problems varied according to 
a predefined pseudo-randomized sequence. The duration of problem-solving events was 
response driven to allow calculation of activation per unit time spent planning; hence, the 
number of problems completed by each subject varied. 
All subjects underwent a training session before scanning to ensure that they 
understood the rules of the task and were able to perform it adequately. None of the 
participants were tested on similar tasks in previous experimental sessions (i.e., all the 
participants were task-naïve).  
Comparing total number of planning problems solved separately for 2, 3, and 4 move 
problems showed a weak effect of Group for the 4 move problems with patients solving 
fewer problems than controls (F (2,57)=3.580, p=0.034; Controls vs. Patients=0.012, Controls 
vs. Relatives=0.055, values 1-tailed). For the most difficult level of planning (4 moves), 
patients solved on average 6 problems (sd=1.10), while controls solved on average 6.65 
problems (sd=0.49). Because response time is directly related to the number of problems 
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solved, we accounted for this minimal difference in the number of problems solved by 
including response times as a covariate in the between group-effects analysis on goal-directed 
planning. 
 
Image Acquisition 
fMRI data were acquired on a 3T Siemens Magnetom Trio scanner. Functional T2*- 
weighted echoplanar images were acquired parallel to the intercommissural line with the 
following parameters: TR = 2000 ms, TE = 30 ms, flip angle = 78°; matrix = 64 x 64, FOV = 
192 x 192 mm with 32 slices per volume (slice thickness = 3 mm; interslice gap = 25%) 
giving 3 x 3 mm in-plane resolution. Prior to data analysis, the first 10 images were discarded 
for T1 equilibration. A structural T1-weighted scan was acquired for co-registration (TR = 
2250 ms, TE = 2.99 ms, TI = 900 ms, flip angle = 9°, FOV = 256 x 240 x 192 mm). We did 
not collect DTI data on this sample. 
 
Imaging Preprocessing 
Prior to statistical analysis, imaging data were pre-processed with the Automatic analysis [13] 
(aa) version 1 batch system using aarecipe_general_ver02.m (http:// imaging.mrccbu.cam. 
ac.uk/imaging/Automatic Analysis-ManualReference) in SPM8. The steps included in the 
pre-processing entailed realignment so that for each scanning session, all functional volumes 
were realigned to the first one in the time series. Data were then slice-time corrected and co-
registered with the SPM EPI template. Data were segmented and normalized to the Montreal 
Neurological Institute (MNI) template and smoothed with an 8mm full width half maximum 
Gaussian kernel. The data were high-passed filtered (cut-off period = 180 seconds) to remove 
low frequency drifts in the MRI signal. For two subjects this pipeline did not provide a good 
normalization so that standard SPM normalization routine was used instead. Imaging data 
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were analysed using SPM8 (Statistical Parametric Mapping, Wellcome Department of 
Imaging Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm). Movement within the 
scanner was assessed for each participant by calculating the average displacement in each 
translation and rotational axis. The totals of these averages were then compared across 
groups. The groups did not differ in movement within the scanner on any of the translation 
and rotational axis (all p > 0.347). The six movement parameters produced during 
realignment were also included in the first-level models as nuisance variables. 
 
Imaging Analysis 
Contrasts 
Planning minus counting. In line with previous studies that have used this paradigm [14–16], 
we used the contrast “planning minus counting” to effectively localize a network that is well 
known to be involved in spatial planning. The contrast “planning minus counting” across all 
participants allowed validation of the task with respect with previous studies by identifying a 
well-recognized network. In addition, it was instrumental to select frontal ROI for the PPI 
analysis for between-groups comparisons by crucially avoiding the potential confound of 
‘double dipping’. This contrast localized a network involved in spatial planning, but such 
activation is not “selective” for planning and can be identified in relation to other complex 
cognitive tasks (i.e. relational reasoning), even via data driven methods such as Independent 
Component Analysis [17]. After specifying the contrast of interest for each individual, 
whole-brain maps were collated for second-level (group) random-effect analyses. The main 
effect of planning was therefore identified by performing a one-sample t-test of “planning 
minus counting” events across all participants.  
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Planning minus resting, between-group differences. In line with previous studies that have 
used this paradigm [14], planning activation relative to rest for 2, 3, and 4 moves was used to 
address between-group differences. The contrast “planning minus resting” is characterized by 
more reliable signal and therefore greater sensitivity for detecting cross-group effects. In fact 
sensitivity to brain dysfunction has been previously identified using this contrast in patients 
affected by skin picking disorder [15] and National Football League players with executive 
deficits [14]. This contrast comprehensively detected all the cognitive processes involved 
during goal-directed planning, including processes of visuospatial perception and attention. 
Accordingly, between-group differences during planning were analysed using a 3x3 full 
factorial model, with planning complexity as within-subject factor, (planning activation 
relative to rest for 2, 3, and 4 move problems) and group as the between-subject factor 
(controls, relatives, and patients). In addition, we analysed whole-brain between-group 
differences via a One-Way ANOVA on the contrast “planning minus resting”. 
“Planning minus resting” in combination with ROI analysis also revealed caudate 
involvement (which was not detected on the contrast “planning minus counting” consistently 
with several studies addressing planning activation vs. control condition [6,7,14,16]). Striatal 
involvement has been previously associated specifically with planning difficulty [7]. 
Therefore, even if we did not include higher level of complexity in the task, we reasoned that 
“planning vs. resting” was more sensitive in order to capture caudate activation possibly 
modulated by planning complexity (see also below planning high – planning low contrast).  
 
Planning minus counting, between-group differences. To identify between-group difference 
in the cognitive processes selectively involved during goal-directed planning we used a 3x3 
full factorial model with planning complexity relative to counting for 2, 4, and 4 moves as 
within-subject factor and group as the between-subject factor (controls, relative, and 
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patients). Accordingly, for each individual the contrasts “planning 2 minus counting 2”, 
“planning 3 minus counting 3”, planning 4 minus counting 4” were estimated and whole-
brain maps depicting this contrast collated for second-level (group) random-effects analyses.  
 
Planning high minus planning low. We used the contrast “planning high minus planning low” 
to assess brain modulation in response to planning difficulty. Accordingly, for each 
individual the contrast “planning 4 minus planning 2” was estimated and whole-brain maps 
depicting this contrast collated for second-level (group) random-effects analyses. Between-
groups differences were assessed via a One-way ANOVA and activation was deemed 
significant at p<0.05, family-wise error (FWE) corrected at the voxel level.  
 
Counting minus resting. To rule out that between-group differences in brain were not driven 
by abnormality of processes involved in performing counting trials, we used a 3x3 full 
factorial model, with counting complexity as within-subject factor, (counting activation 
relative to rest for 2, 3, and 4 move problems) and group as the between-subject factor 
(controls, relatives, and patients). Similarly to what reported in the main text for the main 
contrast “planning minus resting”, activation was deemed significant at p <0.05, family-wise 
error (FWE) corrected at the voxel level. In addition, we analysed whole-brain between-
groups differences via a One-Way ANOVA on the contrast “counting vs. resting”. 
 
Regions of interest 
Although we did not observe significant striatal activation in association with the planning 
component of the Tower Of London (TOL), caudate and putamen are significantly involved 
in OCD pathophysiology [18] and may be relevant in terms of mediating executive 
performance in OCD [19,20] via their connections with the prefrontal cortex. Previous 
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studies have demonstrated caudate activation during TOL in association with task difficulty 
(see also Contrasts section). Small regions of interest were specified to conduct analyses 
involving subcortical structure (i.e., caudate and putamen). Relying on ROI based the 
Automated Anatomical Labeling (AAL) implemented with SPM would have resulted in the 
selection of the all caudate and putamen with a significant lack of specificity and averaging 
over different functional territories. Therefore, in line with previous work [20], we used 
coordinates based on AFNI-supplied atlas (TT-Daemon atlas) and appropriately transformed 
to MNI coordinates, on which we built small spherical ROIs on 3.5mm diameter. 
We have previously reported that resting state connectivity between the right putamen 
(ROI at x=24, y=0, z=3) and the right DLPFC was specifically related to planning 
performance in OCD patients [20]. Therefore, the peak coordinates for the putamen were at 
MNI coordinates x=24, y=0, z=3. Of the AFNI-supplied atlas coordinates, coordinates for the 
caudate at MNI x=11, y=7, z=9 corresponded to the body of the caudate and were located in 
the functional territory of the frontoparietal control network identified by Choi and 
colleagues [21] which is likely involved in the executive function processes investigated in 
this study. 
 
Functional connectivity 
For each participant, the time-course was extracted from a 10 mm radius spherical ROI using 
the Volume of Interest function, extracting the first eigenvector from all voxels within the 
ROI. The extracted time-course was deconvolved to estimate underlying neural activation 
and multiplied point wise with a psychological function in which time points during planning 
are designated as 1, during rest as 0 and during counting as -1. The resultant psychological, 
physiological and PPI time-courses were convolved with the hemodynamic response function 
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to generate a predictor of BOLD activation and entered into a general linear model along with 
the six movement parameters included as effects of no interest.  
For target caudate and putamen a priori defined ROIs, the beta values for the PPI, 
indexing FC during planning, were extracted and imported in SPSS. Similarly, once 
activation due to the specified psychological conditions had been accounted for, beta values 
for the physiological predictor indexing general connectivity were examined. 
Separately for the PPI and the physiological predictor, data were collapsed within 
groups and examined via one-sample t-test. Inspection of PPI between the frontal and the 
putamen seed, revealed the presence of two outliers (> 2 standard deviations from the group 
mean), which were removed from primary analysis, but the inclusion or exclusion of which 
did not affect the main findings. PPI significant effects were tested across all participants. In 
the case of significant modulation (i.e., significant connectivity), between group differences 
in PPI FC were computed. For between-group comparisons, the default Monte Carlo 
procedure implemented in SPSS was used. In the case in which the sample size is small and 
the asymptotic method unsuitable, the Monte Carlo procedure represents a valid alternative.  
The Monte Carlo method is a repeated sampling method, which estimates p values by taking 
a random sample from a reference set. We used the default number of samples used in 
calculating Monte Carlo approximation, namely 10,000 with a random seed generation and 
default value 99 for the confidence level. The Monte Carlo algorithms implemented in SPSS 
make use of ideas from several papers [22–25] and description of the procedure can be found 
in Mehta and Patel [26].  
Before examining between-group differences in frontostriatal connectivity, we 
explored the beta parameter estimated of task-related activation for the 10 mm sphere built in 
the DLPFC (x=24, y=20, z=52) for the contrast “planning vs. counting”. Significant 
activation was found in controls (t18=5.291, p<0.001), relatives (t17=3.037, p=0.007), and 
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patients (t20=3.693, p=0.001). Therefore, as significant activation was found in each group, 
we confidently examined the beta weights of the PPI predictor for the contrast “planning vs. 
counting” for comparison between groups.  
 
SUPPLEMENTAL RESULTS  
Imaging Results 
Planning minus counting. As reported in the main text a robust effect of “planning minus 
counting” was found in the expected dorsal fronto-parietal network across all participants 
(p<0.05, FWE). Isolation of this network is highly consistent with previous findings using the 
same experimental paradigm [14–16]. Residual activation in the precuneus and lingual gyrus 
might suggest differential visuo-motor demands on counting and planning trials. However, 
motor demands were carefully balanced by the one touch design and these brain regions are 
often active in tasks that do not have overt motor demands [14].  
 
Planning minus resting. ROI analysis was conducted for the right putamen and right caudate 
for the contrast “planning minus resting”. Parameter estimate signal change was explored 
separately in each group by means of one-sample t-test. Significant caudate activation was 
found in controls (t19=5.759, p<0.001), relatives (t18=3.194, p=0.005), and patients 
(t20=5.578, p<0.001). To test whether the caudate was significantly more active than the 
putamen in the contrast “planning vs. resting”, contrast estimates for these ROIs were entered 
in a repeated measures analysis of variance. The caudate was significantly more active than 
the putamen (F1,57=66.244, p<0.001) with no main effect of group (p=0.502) or ROI by group 
interaction (p=0.321).  
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Effect of task load on brain activation. We investigated brain modulation in relation to the 
contrast “planning high minus planning low” in order to assess brain modulation in response 
to planning difficulty. In line with previous findings [7], we replicated activation of 
subcortical brain structures for increased planning difficulty in controls with activation of the 
thalamus (x=12, y=-4, z=4, p<0.05, FWE). There was no such modulation in relatives nor in 
patients with OCD. At lower level of statistical threshold (p<0.001, uncorrected), parietal 
(x=-2, y=-60, z=52) and caudate (x=8, y=4, z=16) activation was also identified. There was 
no a main effect of group on this contrast as assessed via a One-way ANOVA and there was 
no evidence of increased activation in patients compared with controls at p<0.05 FWE nor at 
lower level of statistical correction (p<0.001, uncorrected).  
 
Between-group effects on counting. There were no between group differences for counting 
trials at p<0.05, FWE corrected nor for more lenient level of statistical correction (0.001, 
uncorrected).  
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Figure S1. Behavioural Measures Related to Counting and Planning in OCD Patients, 
Their First-Degree Unaffected Relatives and Control Subjects 
(A) Mean accuracy for different levels of difficulty (2, 3 or 4 moves), revealing a main effect 
of task and a main effect of difficulty. There was not a significant interaction between task 
and difficulty (see main text). (B) There was no significant difference between groups in 
accuracy of performance (see main text). (C) Mean response times for different levels of 
difficulty revealing a main effect of task, a main effect of difficulty, and a significant task by 
difficulty interaction (see main text). (D) There was a main effect of group on response times, 
with patients and relatives being slower than controls irrespective of task and difficulty level 
(see main text). Error bars denote standard error mean (SEM). 
 
 
 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Vaghi et al.  Supplement 
13 
Table S1. Brain Areas Activated During Planning Relative to Counting Collapsed 
Across All Participants (n=60) 
Region BA MNI Coordinates kE Z Peak pFWE 
x y z 
L Precuneus 7 -4 -56  48 2929 Inf <0.001 
R Precuneus  4 -56  46  Inf <0.001 
R Precuneus  6 -62  24  5.94 <0.001 
R Angular Gyrus 39/40 44 -68  32 2445 7.75 <0.001 
R Angular Gyrus  50 -50  36  7.32 <0.001 
L Middle Temporal Gyrus 39 -40 -74  28 1884 6.86 <0.001 
L Inferior Parietal Lobule  -48 -54  42  5.85 <0.001 
L Middle Temporal Gyrus  -26 -58  22  4.48 0.021 
R Superior Frontal Gyrus 8/6 24  20  52 1220 6.21 <0.001 
R Middle Frontal Gyrus 8/9 32  24  46  6.03 <0.001 
R Middle Frontal Gyrus 6/8 38  12  50  5.16 0.001 
L Cingulate cortex  -20   2  30 172 4.81 0.005 
L Cingulate Gyrus  -18 -10  34  4.75 0.007 
L Middle Temporal Gyrus  -36 -54   2 13 4.58 0.014 
L Lingual Gyrus 18/30/17 -4 -78  -2 70 4.56 0.015 
L Lingual Gyrus  -12 -72 -6  4.42 0.026 
L Inferior Parietal Lobule  -28 -38  30 35 4.56 0.015 
L Middle Frontal Gyrus 44/45 -44  22  38 39 4.56 0.015 
L Superior Frontal Gyrus 6/8 -34  12  54 30 4.54 0.016 
L Cerebellum/Lobule VI, VIIa Crus I  -10 -82 -24 12 4.51 0.018 
L Middle Frontal Gyrus 9 -28  20  30 2 4.3 0.041 
R Superior Medial Gyrus 6/8/9 4  36  42 3 4.25 0.048 
L Cingulate Gyrus 31 -24 -26  34 1 4.25 0.048 
Coordinates in MNI space. pFWE = p value with family-wise error correction for the whole brain 
volume (p< 0.05). R, right; L, left; BA, Brodmann Area; MNI, Montreal Neurological Institute; kE, 
cluster size; Z, Z score; FWE, family-wise error. 
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Figure S2. Brain Network for Counting vs. Planning Across All Participants (n=60) 
Voxel-wise FWE correction for the whole brain mass p < 0.05. 
 
 
Table S2. Brain Areas Activated During Counting Relative to Planning Collapsed 
Across All Participants (n=60) 
Region BA MNI Coordinates kE Z Peak pFWE 
x y z 
L Precentral Gyrus 4 -36 -22  58  1310 7.67 <0.001 
R Medial Frontal Gyrus (SMA) 6   6   2  54  1263 6.52 <0.001 
L Medial Frontal Gyrus 6  -4   0  54    6.46 <0.001 
R Putamen   24   8   0  334 6.11 <0.001 
L Precentral Gyrus  6 -56   4  30  460 6.08 <0.001 
L Inferior Frontal Gyrus 44 -52   6   8    4.49 0.02 
L Putamen  -24   2  -2  444 5.95 <0.001 
R Precentral Gyrus 6  36 -14  60  54 5.61 <0.001 
R Superior Occipital Gyrus 18  20 -94  16  66 5.48 <0.001 
R Cerebellum (VI)   22 -52 -22  208 5.33 <0.001 
L Thalamus  -12 -20   6  106 5.18 0.001 
R Precentral Gyrus 6  58   4  36  51 4.99 0.002 
L Postcentral Gyrus 3 -58 -20  24  136 4.97 0.003 
L Insula 13 -46 -24  22    4.83 0.005 
L Superior Occipital Gyrus 18 -16 -96  18  26 4.93 0.003 
R Postcentral Gyrus 2  48 -26  46  23 4.59 0.013 
R Supramarginal Gyrus 3  60 -16  24  5 4.33 0.036 
L Insula 13 -36  -2  12  1 4.33 0.037 
Coordinates in MNI space. BA, Brodmann Area; pFWE = p value with family-wise error correction for 
the whole brain mass. R, right; L, left; MNI, Montreal Neurological Institute; k E, cluster size; Z, Z 
score; FWE, family-wise error. 
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Figure S3. ROI Analysis for the Contrast Planning Minus Counting 
ROI analysis for the contrast planning minus counting in right putamen (A) and right caudate 
(B). Error bars denote standard error mean (SEM). R, right. **p=0.007. 
 
 
 
Figure S4. Brain Activation in Control Participants for High vs. Low Planning 
Difficulty 
Voxel-wise p<0.001 uncorrected. 
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